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Progress in tissue characterization of myocardium with
ultrasound suggests that quantitative recognition of isch-
emic or scarred tissue will be achieved. Despite the in-
creasing recognition and importance of cardiomyopathy,
its diagnosis generally requires invasive procedures such
as cardiac catheterization and biopsy. To investigate
methods that permit the characterization of longitudinal
cardiomyopathic changes that might ultimately be ex-
tended for noninvasive studies in patients, quantitative
ultrasonic methods were utilized for in vitro tissue char-
acterization of hearts from Syrian hamsters of selected
age of either 2 to 3 or 5 to 7 months. Normal hamsters
were used as controls.
Myocardial sites (n = 600) from the young Syrian
hamsters exhibited values (± standard error) of inte-
grated ultrasonic backscatter averaging - 53.87 ± 0.26
The diagnosis of cardiomyopathy is generally made by ex-
cluding other causes of ventricular dysfunction on clinical
or laboratory grounds. In the case of either hypertrophic,
congestive or restrictive cardiomyopathy, the diagnosis is
suggested on the basis of hemodynamic findings. Only rarely
is it based on analysis of characteristics of the actual myo-
cardium by means of myocardial biopsy (1). Thus, it would
be desirable to develop noninvasive methods for detection
of salient histopathologic features of cardiomyopathies that
would permit their longitudinal characterization.
From the Cardiovascular Division, Biomedical Computer Laboratory,
and Department of Physics, Washington University, SI. Louis, Missouri.
This work was supported in part by Grants HL-17646 (SCOR in Ischemic
Heart Disease), HL-28998, RR00396 and RR01362 from the National
Institutes of Health, Bethesda, Maryland and the Ella L. Buder and Ida
Marie Peters Cardiovascular Research Scholar Award of the 51. Louis
Heart Association (Dr. Perez).
Address for reprints: Julio E. Perez, MD, Cardiovascular Division,
Box 8086, Washington University School of Medicine, 660 South Euclid
Avenue, SI. Louis, Missouri 63110.
© 1984by the American College of Cardiology
dB, which were significantly different from values (n =
500) in age-matched control hamsters ( - 58.07 ± 0.08
dB; P < 0.001). Cardiomyopathic hearts from older an-
imals exhibited backscatter values (n = 500 sites) av-
eraging - 50.87 ± 0.22 dB, again significantly different
from values (n = 300 sites) in age-matched control ham-
sters (-55.91 ± o.n dB; P < 0.001). In addition, ul-
trasonic attenuation was significantly different for hearts
from the control and cardiomyopathic hamsters of both
age ranges.
The results correlated with sequential calcification
and fibrosis characteristics assessed histopathologically.
This study indicates that quantitative characterization
of myocardium with ultrasound may permit longitudinal
assessment of cardiomyopathic changes in diverse dis-
ease entities and their response to therapy.
Previous studies from our laboratory (2-5) demonstrated
that quantitative ultrasonic variables permit differentiation
of normal from ischemic and fibrotic canine myocardium
in vitro and in vivo. Diffuse myocardial fibrosis resulting
from exposure to doxorubicin was also identified (6). The
use of integrated backscatter, obtained with reflected as
opposed to transmitted ultrasound, represents an approach
to applications in vivo because it has the potential to be
interfaced with conventional echocardiography, which is
also based on reflected ultrasound.
The present study was undertaken to: I) lay a foundation
for the development of techniques of quantitative ultrasonic
tissue characterization potentially applicable in vivo for
analysis of diffuse pathologic changes in myocardium by
assessment of multiple regions to obtain quantitative ultra-
sonic variables indicative of the physical properties of each
region; and 2) test the method developed in an experimental
animal preparation with a well defined natural history of
cardiomyopathic change that includes both calcification and
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Figure 1. Block diagram of the data acquisition system for ultra-
sonic backscatter (A) and ultrasonic attenuation (B).
fibrosis. such as the Syrian hamster (7). Results demonstrate
that ultrasonic attenuation and, in particular, integrated
backscatter differentiate normal from myopathic tissue in a
quantitative fashion and, furthermore, that backscatter val-
ues ohtained reflect calcium accumulation and fibrosis
differentially.
Methods
Animal preparations. Syrian cardiomyopathic ham-
sters (series BI014.6, BioResearch Consultants) and control
hamsters (series FIB) were received at the age of 30 days
and housed and fed under identical conditions until the time
of study. Ten hamsters from each group were used for
cardiac ultrasonic analysis performed at either 2 to 3 months
or 5 to 7 months of age. Selection of these age intervals
was based on the recognized natural history of Syrian ham-
ster cardiomyopathy characterized by early accumulation of
calcium and late development of myocardial fibrosis (7).
On the day of the experiment, hamsters were anesthetized
(25 rug/kg of sodium pentobarbital intraperitoneally), the
heart excised and atria and right ventricle removed. The left
ventricle was opened and prepared for ultrasonic analysis.
A small piece of no. 26 copper wire was placed near the
region to be interrogated by ultrasound for future spatial
orientation.
Ultrasonic techniques. A block diagram of the data ac-
quisition system employed for the determination of slope
of attenuation and integrated backscatter is presented in
Figure 1. An ultrasonic center frequency of 25 MHz was
used lor the quantitative analysis of backscatter and slope
A
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of attenuation to permit characterization of hamster myo-
cardium, which was approximately 3 mm thick. Ultrasonic
backscatter was measured with the use of a broadband,
focused piezoelectric transducer (0.65 em diameter, 2.5 em
focal length, 25 MHz nominal center frequency) acting as
both the transmitter and receiver. The hamster heart was
mounted between two thin (1.2 ILm thick) layers of poly-
ethylene. The mounting apparatus was then immersed in a
saline bath at 25°C so that the left ventricle was situated at
the focus of the transducer. The transducer was excited with
a Panametrics 5052 pulser, and the received signal was
recorded with a Biomation 8100 fast transient recorder (l00
MHz sampling rate). It was then transferred to an HP9825
computer for off-line analysis. Under computer control of
a stepper motor assembly, the transducer interrogated 100
sites in a lOx 10 array of the left ventricular wall measuring
2.5 mm on a side and comprising approximately 35% of
the left ventricular area of the hamster heart.
Measurements of backscatter were limited in part by the
analog bandwidth of the Panametrics 5052 receiver and the
front-end amplifier of the Biomation 8100 recorder. In ad-
dition, the Biomation 8100 is known to digitize with less
than eight bit accuracy in this frequency range. Careful
calibration studies indicate that backscatter was measured
over an effective 3 dB bandwidth of 19 to 28 MHz. Inac-
curacies resulting from a combination of both analog and
digital limitations of the equipment employed impact on
absolute values of integrated backscatter, but are much less
significant in influencing variations in relative values such
as those considered in this report.
The slope of ultrasonic attenuation was measured at the
same 100 sites using the system outlined in Figure lB. Tone
bursts of 3 ILS duration were generated by a Hewlett-Packard
8690 oscillator under the control of a Hewlett-Packard 9825
computer with an external gating circuit. They were trans-
mitted by the same 25 MHz transducer used for measure-
ments of backscatter. At each myocardial site, attenuation
was measured over the range of 15 to 30 MHz in 1 MHz
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Figure 2. Schematic representation of the experimental prepara-
tion, depicting the myocardial region analyzed by ultrasound and
histologic examination. The region was composed of 100 sites
selected in a 10 x 10 array under computer control.
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steps. The signal transmitted through the tissue was detected
by an acoustoelectric receiver (0.5 x 1.0 em aperture)
placed directly behind the sample (8,9). The signal received
was recorded for off-line analysis. Operating characteristic
curves describing the combined response as a function of
frequency of the transmitting electronics and transducer and
the receiving transducer and electronics were measured in
1dB increments over the full dynamic range employed. The
frequency-dependent system transfer function thus obtained
was deconvolved from the measured data, so that the values
of attenuation reported are entirely independent of instru-
mental operating characteristic curves.
Ultrasonic data analysis. The integrated backscatter
analysis involved a 1.28 IJ-S portion (representing a volume
of approximately I mm long x the beam area) of the dig-
itized data corresponding to the central region of the intra-
mural myocardium at each site selected so as to be inde-
pendent of the biologic variability in wall thickness. Integrated
backscatter was calculated by summing the squares of the
amplitude of the radiofrequency data and expressed in units
of decibels below the level of backscatter obtained from a
nearly perfect reflector (a stainless steel plate) at the focus
of the transducer. The frequency averaging properies of
integrated backscatter serve to minimize the effects of phase
cancellation, a major instrumentation artifact associated with
the use of piezoelectric receiving transducers (8,9). Atten-
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uation was quantified with a substitution technique by which
the signal loss resulting from transmission through a known
thickness of tissue was compared with the signal loss re-
sulting from transmission through the same system with the
tissue sample removed. Tissue thickness at each site was
determined from the backscatter data using the method de-
scribed by Sollish (10). The attenuation coefficient versus
frequency curve was plotted for the range of 15 to 30 MHz.
The slope of attenuation for each site represented the slope
of the best linear fit of attenuation values versus frequency
over the range analyzed.
After computation ofthe values of integrated backscatter
and slope of attenuation for the 100 sites. a gray scale
display of the data sets for each animal was obtained. Values
for slope of attenuation and integrated backscatter in the
100 sites analyzed were represented with the use of a 33
shade gray scale. In the case of integrated backscatter, the
maximal and minimal levels represented - 34 and - 66 dB,
respectively. In the case of the slope of attenuation, the
maximal and minimal levels represented 0.32 and 0.00
MHz-1cm- 1, respectively. Thus, a "map" of the myo-
cardial region analyzed by ultrasound was obtained on the
basis of two independent, quantitative ultrasonic variables
in each of the 100 individual sites with the use of a gray
scale for each. The choice of a 10 x 10 site array covering
the approximately 2.5 x 2.5 mm left ventricular wall of
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the hamster heart was made on the basis of the following
considerations. The average 3 dB full beam width in the
focal zone of the transducer was 0.26 mm at 25 MHz.
Measurements spaced by one-half the beam width have been
shown to represent statistically independent measurements
(11). Thus, measurements spaced at 0.25 mm provided 100
independent measurements that served to characterize the
spatial distribution of the diffusely inhomogeneous myopathy.
Histology. Immediately after ultrasonic analysis. the
hamster heart was removed from the tissue holder and the
regions interrogated by ultrasound were analyzed micro-
scopically , Appropriate regions were identified with refer-
ence to the copper wire located at the left upper portion of
the 10 x 10 area previously analyzed by ultrasound (Fig.
2). The tissue was immersed in formalin and subsequently
cut and evaluated with hematoxylin-eosin, Von Kossa and
Masson staining techniques.
Statistical analysis. Comparison among ultrasonic vari-
ables (integrated backscatter and slope of ultrasonic atten-
uation) between control and Syrian hamsters was performed
with the use of Student's t test for unpaired samples. Further
analysis to ascertain whether data obtained from normal and
cardiomyopathic hamster hearts conformed to different dis-
tributi ems was performed with the use of the Kolmogorov-
~igure 5. Gray scale frequency distribution of 100 myocardial
sites based on ultrasonic integrated backscatter from representative
n~rmal (Ie~) and 3 (middle) and 6 month old cardiomyopathic
(right) Synan hamsters. The horizontal bar on the top illustrates
the levcis of backscatter from - 66 to - 34 dB. Syrian hamster
hearts n~t only exhibited higher backscatter values when averaged
for all Sites, but also their distribution revealed marked hetero-
geneity consistent with the histologic pattern.
-66dB
Smimov test (12). Probability (p) values, obtained from both
tests, less than 0.05 were considered significant.
Results
Ultrasonic Analysis
Backscatter variables. Values of integrated backscatter
clearly differentiated cardiomyopathic from age-matched
control hamster heart tissue (at both 2 to 3 and 5 to 7 months
of age). Two to 3 month control and cardiomyopathic ham-
ster hearts had integrated backscatter values averaging - 58.07
± 0.08 dB (± SE) and - 53.87 ± 0.26 dB, respectively
(p < 0.001). To elucidate the nature of the differentiation,
histograms were constructed on the basis of distribution of
myocardial sites exhibiting a particular backscatter value in
tissue from animals at each age. Two to 3 month old control
hamsters displayed a relatively narrow distribution of back-
scatter values clustered around - 58 dB (Fig. 3A). In con-
trast, values obtained from myopathic hamster hearts ex-
hibited a broad numerical distribution, with values from sites
as high as - 38 dB (Fig. 3B). A similar analysis was per-
formed with backscatter values from tissue of 6 month con-
trol and myopathic hearts. The results were similar, with
control hamster hearts exhibiting a narrow distribution of
sites with backscatter values around - 57 dB in contrast to
cardiomyopathic hearts exhibiting a broad range of values
from - 60 to - 34 dB (Fig. 4A and B). Statistical analysis
of the distribution of backscatter values between control and
cardiomyopathic tissue confirmed that the distributions were
significantly different in both age groups (Kolmogorov-
Smimov test, p < 0.05).
Among control hamsters, younger animals (2 to 3 months)
-34dB
Normal Hamster
3 Months
(11I55)
Cardiomyopathic Hamster
3 Months
(11I53)
Cardiomyopathic Hamster
6 Months
(Ill70)
92 PEREZ ET AL.
QUANTITATIVE ULTRASOUND AND CARDIOMYOPATHY
JACC Vol. 4. No. J
July 1984:88- 95
exhibited lower values of integrated backscatter compared
with 6 month old hamsters (- 58.07 ± 0.08 dB versus
- 55.91 ± 0.11 dB; p < 0.05). These results suggest that
ultrasonic tissue characterization may permit assessment of
the aging processes, which is known to be associated with
gradually increased deposition and cross-linking of collagen
(13).
Slope of ultrasonic attenuation. Mean values of slope
of ultrasonic attenuation differed significantly in control
compared with cardiomyopathic hamster s of either 2 to 3
months (0.099 ± 0.001 MHz - 1cm- I versus 0.108 ± 0.001
MHz -lcm - l ; p < 0.00l) or 5 to 7 months of age (0.108
± 0.001 MHz -1cm- 1 versus 0.118 ± 0.001 MHz-lcm - l;
p < 0 .001). Despite the relatively small shifts in mean
values , the differences were significant because of the large
number of sites measured. The Kolmogorov-Smirnov test
provide s a more revealing approach for distinguishing car-
diomyopathic from normal tissue on the basis of the distri-
butions . When the distribution of myocardial sites exhibiting
particular values of the slope of attenuation was evaluated
with the Kolmogorov-Smirnov test , control and cardio-
myopath ic hearts were distinctly separated for either 3 or 6
month old hamsters . The character of the distribution of
both backscatter and attenuat ion values for each hamster
usually permitted appropriate segregation into control or
cardiomyopathic categories by simple inspection .
Myocardial distribution of integrated backscatter and
slope of ultrasonic attenuation. Gray scale representations
of the 100 sites analyzed for either integrated backscatter
or the slope of ultrasonic attenuation permitted analysis of
the spatial distribution of both variables in the myocard ial
regions interrogated . Control hamster hearts exhibited ho-
mogeneous distributions of regional backscatter values that
did not change abruptly between contiguous areas (Fig. 5).
In contrast, cardiomyopathic hearts from 2 to 3 and 5 to 7
month old hamsters were characterized by a heterogeneous
distribution of regions with elevated backscatter values in-
terposed with zones of more nearly normal values (Fig . 5).
The slope of ultrasonic attenuation values, plotted in the
same fashion as backscatter values , provided maps concor-
dant with the backscatter data (Fig. 6). A homogeneous
pattern of reduced values of slope of attenuation was present
in control hamsters, whereas myopathic hamsters exhibited
a heterogeneous pattern of distribution . Furthermore, in-
dividual regions characterized by elevated values of inte-
grated backscatter corresponded to those with elevated val-
I TEGRATED BACKSCATTER
Figure 6. Correlation of gray scale
frequency distribution of myocardial
sites based on either integrated back-
scatter (top panels) or slope of ultra-
sonic attenuation (bottom panel) in
three representative Syrian hamsters.
The horizontal bars illustrate the val-
ues of each ultrasonic measurement
performed separately in the same myo-
cardial site. There was a congruence
of sites with both high backscatter and
slope of attenuation values in young
and old Syrian hamster hearts.
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ues of slope of attenuation, suggesting that changes in the
two variables identify the same myocardial zones.
Histopathologic Correlates of Ultrasonic Variables
Myocardium from control hamsters was histologically
normal. No regions of fibrosis or calcification were ob-
served. The histologic pattern in 3 month old cardiorny-
opathic hamsters was characterized by discrete multifocal
regions of calcified degenerated myocardium surrounded by
normal-appearing myocardium. In 6 month old cardiomy-
opathic hamsters, the discrete lesions were more numerous
and contained both fibrous and calcified components. Myo-
cardium surrounding the lesions appeared normal.
Histologic examination by a blinded observer (J.E.S.) of
specific regions studied by ultrasound revealed a striking
correlation between sites of increased integrated backscatter
and the presence of calcific and fibrotic lesions (Fig. 7). In
each case, a zone of increased integrated backscatter in the
gray scale map corresponded to a discrete fibrocalcific le-
Figure 7. Integrated ultrasonic backscatter gray scale map (left)
and histologic section (right) ofthe same region of the left ventricle
in a 6 month old cardiomyopathic hamster. The ultrasonic map
shows 'wo zones of increased backscatter, corresponding to the
two focal fibrocalcific lesions in the photomicrograph of the his-
tologic section stained with Von Kossa stain to delineate calcium.
The area depicted in the photomicrograph includes the 2.5 x 2.5
mm region interrogated by ultrasonic backscatter analysis. (Orig-
inal magnification of photomicrograph x 42, reduced by 19%.)
.:..; .~.
sion. Zones with normal backscatter values corresponded
to histologically normal myocardium.
Discussion
Noninvasive characterization of the physical state of
myocardium with quantitative unltrasound holds promise
for the extension of the diagnostic power of conventional
echocardiography (14-18). In the present study, we dem-
onstrated that diffuse cardiomyopathic changes in Syrian
hamsters are detectable in a quantitative fashion with anal-
ysis of ultrasonic backscatter and slope of attenuation. The
myopathic changes were detected at two different age in-
tervals in the natural history of the species, characterized
by calcium accumulation and fibrous tissue deposition, re-
spectively. The spatial distribution of zones of increased
integrated backscatter corresponded closely with the distri-
bution of discrete calcific or fibrotic lesions detected
histologically.
Potential clinical implications. The results of these ex-
periments cannot be directly extrapolated to patients because
the histopathologic evolution of cardiomyopathy in the Syr-
ian hamster may not simulate a specific human cardio-
myopathy. Cardiomyopathy in the Syrian hamster is char-
acterized by multifocal discrete calcific and fibrous lesions.
In human dilated cardiomyopathy, calcific lesions are usu-
ally absent, but multifocal fibrosis is common. Because
diffuse multifocal fibrosis, characteristic of cardiomyopathic
tissue in several conditions, and its heterogeneous distri-
bution were readily detectable by ultrasonic tissue charac-
. .... '..
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terization, this method is likely to be useful for diagnosis
in patients with cardiomyopathy, in whom current tissue
diagnosis requires myocardial biopsy. Calcium accumula-
tion may be a nonspecific manifestation of myocellular dam-
age, although it is known to occur in postinfarction aneu-
rysm and endomyocardial fibrosis (19), as well as in patients
undergoing hemodialysis (20). Therefore, its recognition by
quantitative ultrasonic techniques may be useful in several
settings.
Technical considerations. The ultrasonic techniques
employed in this study of isolated hamster myocardium
cannot be used for investigation of the intact human heart.
We elected to use a high ultrasonic frequency to interrogate
intramural myocardium of thin hamster hearts. This fre-
quency cannot be employed in the clinical setting because
of severe limitations in penetration through the chest wall.
In vitro experiments permit accurate estimation of ultrasonic
attenuation, a measurement that is difficult to obtain using
clinical ultrasound which is based on reflected as opposed
to transmitted energy. Also, experiments in isolated heart
tissue are not subjected to motion and changes associated
with the cardiac cycle, which influence ultrasonic signals
emanating from the regions of interest in in vivo experiments
(21). Furthermore, extrapolation of the numerical values of
absolute integrated backscatter from these measurements
obtained with an average frequency of 23.5 MHz to fre-
quencies in the low megahertz range suitable for interro-
gation of the hearts of patients requires caution. Estimates
involve a product of three factors: the backscatter coefficient
of myocardium, the attenuation coefficient of myocardium
and the properties (beam width and focal characteristics) of
the interrogating transducer (22,23). Values for these vari-
ables over the required range of frequencies are not yet
available.
Previous investigations (22) of normal dog myocardium
suggest that the backscatter coefficient is proportional to
frequency to the third or fourth power. Attenuation effects
contribute a term that is approximately inversely propor-
tional to frequency. The ultrasonic beam width in the focal
zone is inversely proportional to frequency squared, but
additional geometric considerations also apply. Conse-
quently, extrapolation of absolute values of integrated back-
scatter is not appropriate. Furthermore, the nature of the
ultrasonic scattering mechanism could be inherently differ-
ent in human subjects as opposed to that in hamster myo-
cardium. Nevertheless, the significant relative changes in
backscatter observed in these studies of hamster heart sug-
gest that analogous investigations using frequencies and di-
mensions appropriate for clinical studies may yield similar
relative changes in backscatter.
Conclusions. We investigated techniques of ultrasonic
tissue characterization applicable to recognition of a car-
diomyopathic process defined by diffuse myocellular de-
generation, calcification and fibrous proliferation. The re-
sults indicate that: I) mean integrated backscatter increased
compared with values in control hamsters, and 2) the dis-
tribution of the values of both integrated backscatter and
slope of attenuation was altered in hearts from cardiomy-
opathic hamsters compared with those from normal ham-
sters. Thus, they suggest that characterization of cardio-
myopathic changes in human myocardium with extensions
of the techniques developed may prove to be a useful ap-
proach for early diagnosis and assessment of the efficacy
of their treatment.
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